Specific heat has been measured in FeSe single crystals down to 0.414 K under magnetic fields up to 16 T. A sharp specific heat anomaly at about 8.2 K is observed and is related to the superconducting transition. Another jump of specific heat is observed at about 1.08 K which may either reflect an antiferromagnetic transition of the system or a superconducting transition arising from Al impurity. We would argue that this anomaly in low temperature region may be the long sought antiferromagnetic transition in FeSe. Global fitting in wide temperature region shows that the models with a single contribution with isotropic s-wave, anisotropic s-wave, and d-wave gap all do not work well, nor the two isotropic s-wave gaps. We then fit the data by a model with two components in which one has the gap function of ∆0(1 + αcos2θ). To have a good global fitting and the entropy conservation for the low temperature transition, we reach a conclusion that the gap minimum should be smaller than 0.15 meV (α = 0.9 to 1), indicating that the superconducting gap(s) are highly anisotropic. Our results are very consistent with the gap structure derived recently from the scanning tunneling spectroscopy measurements and yield specific heat contributions of about 32% weight from the hole pocket and 68% from the electron pockets.
The iron-selenium (FeSe) is one of the iron based superconductors with the simplest structure [1] . The later effort in enhancing the superconducting transition temperature from about 8.5 K to 37 K by pressure was encouraging [2] . However, the interest has been revived recently by exploring the phase diagram under pressure [3] [4] [5] . In the normal state under ambient pressure, there is a structural transition from tetragonal to orthorhombic at about 90 K [6] . This transition has been proved to be accompanied by the formation of the nematic electronic state [7] . In contrast, however, there is no evidence of antiferromagnetic long range order found in the system although the normal state is dominated by very strong spin fluctuations [8] . This may help to resolve the disputes about the origin of the nematicity [9] . Under pressure, together with the enhancement of superconducting transition temperature, an antiferromagnetic (AF) order appears [3] [4] [5] . However, it remains unknown how the AF order extends to the superconducting state in the low pressure region. It might be possible that this AF order is hidden under the superconducting dome and most measurements have been undertaken above the possible AF transition temperature. Angle resolved photoemission (ARPES) [10, 11] and scanning tunneling spectroscopy (STS) [12] have revealed the existence of both electron and hole pockets with very small area, showing the approximate semi-metal behavior. The closeness of the band edge to the Fermi energy, or the comparable scales of the Fermi energy E F and the superconducting gap ∆, suggests a possible BCS-BEC crossover [13] . The pairing order parameter has been detected by many experimental techniques. The first STS experiment on * hhwen@nju.edu.cn the sister system FeSe 1−x Te x has revealed the sign reversal s ± gap. However, in FeSe thick films, a V-shaped spectrum has been observed suggesting the d-wave gap structure [14] . Thermal conductivity measurement has been carried out which suggests a nodeless gap but with a very small gap minimum [15] . In this paper, we report low temperature specific heat on the FeSe single crystal. We have fitted the experimental data with variable kinds of gap structures. Our results suggest the superconducting order parameter with two components of highly anisotropic gaps. In addition, a clear step like specific heat anomaly at about 1.08 K gives the possible evidence of an AF order in low temperature region.
I. EXPERIMENT
The FeSe single crystals used for this study were grown by the chemical vapor transport method using Fe and Se powder as the starting materials [6] . The mixture of Fe 1.04 Se, KCl and AlCl 3 with the ratio of 1:2:4 were put at one end of the quartz tube in a glove box filled with argon. We then sealed the quartz tube and place it into a horizontal tube furnace with tunable temperature gradient. The furnace was heated up to 430
• C and kept for 30 hours, then by adjusting the program the temperature at the end without reactant was tuned to about 370
• C, in order to establish a temperature gradient. The tube was sintered with this temperature gradient for 6 weeks, and finally FeSe single crystals were grown at the cold end of the tube. The magnetization was measured by using a superconducting quantum interference device (SQUID-VSM 7T, Quantum Design). The resistivity was measured with a physical property measurement system (PPMS 16T, Quantum Design) by the standard four probe method. The specific heat was measured with thermal-relaxation method by an option of the PPMS with a He3 insert. This facility allows us to measure specific heat down to 0.414 K. During the specific heat measurement, magnetic fields up to 16 T was applied parallel to the c-axis of the crystal.
II. RESULTS AND DISCUSSION
A. Basic characterization of the sample
The temperature dependence of resistivity ρ(T ) at zero magnetic field is shown in Fig. 1 . We can see a clear kink at about 88 K, which is related to the structural transition from tetragonal to orthorhombic phase and the nematic transition as well. The onset of the superconducting transition T onset c ≈ 8.7 K (defined by the crossing point of the extrapolated lines of the normal state and the steep transition part), and the system realizes zero resistivity state at T c0 ≈ 8.1 K, which can be seen in the right-bottom inset of Fig. 1 . The transition width ∆T c , which is defined as ∆T c = T onset c − T c0 , is 0.6 K. And the residual resistivity ratio (RRR), which is determined by the ratio of ρ(300K)/ρ(T = 0K), is about 25.2, where ρ(T = 0K) is obtained by linearly extrapolating the normal state resistivity down to zero temperature. The temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetization at 20 Oe is shown in the upper-left inset of Fig. 1 . The superconducting volume calculated from the magnetization data is larger than 100% (due to the demagnetization effect), indicates the bulk superconductivity of our sample. The large RRR value and superconducting volume both confirm the high quality of our samples.
B. Measurement on specific heat and fitting with different gap structures
Specific heat is sensitive to the quasiparticle density of states (DOS) at the Fermi energy, so it is a useful way to detect superconducting gap structure at low temperatures. In iron based superconductors, specific heat measurements have been done in plenty systems [16] [17] [18] showing the multigap feature. In order to study the superconducting gap structures of the FeSe system, we have measured the specific heat of an FeSe single crystal and the temperature dependence of specific heat at zero field is presented in Fig. 2(a) . A sharp jump of specific heat coefficient can be seen at about 8.2 K, which is corresponding well to the superconducting transition detected by resistivity and magnetization measurements. Another anomaly occurs at about 1.08 K. The second transition at low temperature may reflect the possible antiferromagnetic transition, which have not been observed among previous researches. However, since AlCl 3 have been used during the progress of crystal growth, the possibility that the second jump is arisen from Al impurity (T c = 1.17 K) could not be excluded. But we will argue that the latter is unlikely. The residual specific heat γ 0 = C/T | T →0 determined by extrapolating the data of C/T down to 0 K is negligible, which seems to against the possibility of any nodal gaps in the system, and is consistent with the recent thermal conductivity measurements [15] . It is known that the specific heat consists both of the electronic and phonon contributions. Since the phonon contribution will prevail over the electronic part in moderate temperature region, it is very important to extract the superconducting electronic specific heat. Thus the data of the normal state above T c is fitted by the equation of Debye model which reads as
where γ n is the normal state electronic specific coefficient, or called as the Sommerfeld coefficient and βT 2 + ηT 4 are the phonon contributions according to the Debye model. The fitting curve is shown by the red solid line in Fig. 2(a) . The fitting function yields γ n = 6.4 mJ/mol·K 2 , β = 0.44mJ/mol · K 4 and η = −0.00005mJ/mol · K 6 . The Debye temperature estimated here is about 206 K, which can be obtained by using the equation
, where k B is the Boltzmann constant, N A is the Avogadro constant and Z is the number of atoms in one unit cell. Our γ n and Θ D are close to the values of earlier studies [19] . The specific heat jump at T c , namely ∆C/γ n T c with ∆C estimated through entropy conservation near T c is about 1.6. This is larger than 1.43 predicted by the Bardeen-Cooper-Schriefer (BCS) theory in the weak coupling limit, which may indicate moderate strong coupling in FeSe. The temperature dependence of superconducting electronic specific heat is plotted in Fig. 2(b) , which is obtained by subtracting the normal state data C n /T . There is a very small tail above T c , which may indicate the narrow superconducting fluctuation region in FeSe (less than 1 K). The small jump at around 1.08 K can be clearly seen in the insets of Fig. 2 (a) and (b) . A similar anomaly was also seen in earlier report [20] , which however exhibits like a shoulder around 2 K there, and the authors attributed this anomaly to a very small second superconducting gap. Since the low temperature anomaly observed here is a clear jumping step, not a knee like, this excludes the possibility that it is a second superconducting gap of the FeSe system, since a multiband fitting using the same T c would give rise to a "knee" or "hump" here, not as a sharp step. We would like to attribute this step to either the antiferromagnetic order transition, or the impurity of Al which has a T c of about 1.17 K. We will address to this issue later.
The structure of superconducting gap is a significant issue in determining the pairing mechanism, while, as far as we know, there is no consensus yet concerning whether nodes exist in the superconducting gap of FeSe or not. The STS measurements [12, 14] suggest that there might be nodes in this system, while the thermal conductivity measurement [15] and the specific heat measurement [20] support a nodeless gap. In order to obtain more information about the gap structure of FeSe, we use BCS formula to fit the electronic specific heat in supercon- ducting state, the formula based on BCS theory is shown below,
where ζ = ε 2 + ∆ 2 (T, θ), the angle dependence of the gap is entered through ∆(θ) here and the temperature dependence is generated from the BCS gap equation, ε = 2 k 2 /2m is the kinetic energy of electrons counting from the Fermi energy. For the fitting to one gap, we just use above formula. While for the fitting with two gaps, we use a linear combination of two contributions, each one has a gap. Variable different gap structures have been used to fit our data: single s-wave gap ∆(T, θ) = ∆ 0 (T ), single d-wave gap ∆(T, θ) = ∆ 0 (T )cos2θ, single extended s-wave gap ∆(T, θ) = ∆ 0 (T )(1 + αcos2θ), mixture of two isotropic s-wave gaps ∆(T, θ) = ∆ 1 (T )+ ∆ 2 (T ) and mixture of an s-wave gap and an extended s-wave gap. The α in the expression of extended s-wave is the parameter that represents anisotropy. One can see that α = 0 corresponds to the case of an isotropic s-wave gap, while α = 1 corresponds to a zero gap minimum. The optimized fitting parameters of different models are listed in Talbe I and the fitting curves are shown in Fig. 3(a)-(c) . The insets in Fig. 3(a) -(c) provide the enlarged views below 2 K, so we can check the fitting results at low temperatures. Although the origin of the second jump at 1.08 K remains unknown, it will serve as a very nice indicator for checking the appropriate gap structure through the entropy conservation of this transition, especially about the gap minimum. In Fig. 3(a) , we show the fitting by using three cases of single gap, namely a single isotropic s-wave, single d-wave and singe extended s-wave. The formula used for the extended s-wave naturally has a two-fold symmetry if α is not zero, this form is chosen because it is well-known that the FeSe system has a nematic state. One can see that both of the single isotropic s-wave model and the single extended s-wave model (α = 1) are not possible to describe the experimental data, judging both from the global fitting quality in wide temperature region and the low temperature part. However, it seems a single d-wave fits the data much better. This may suggest that the gap should be highly anisotropic in order to get a global fitting in wide temperature region. A closer scrutiny finds that the d-wave fitting still has some deviation to our data between 2 K and 4 K. Combining with the fact that the residual specific heat coefficient in the zero temperature limit is negligible, we rule out the possibility of d-wave gap(s). These results indicate that a model with only one component/gap is not enough to describe the data. This is reasonable since in the realistic case, there are at least two contributions, one from the hole pocket and one from the electron pocket. The model with two isotropic s-wave gaps is also tried and shown by the red solid line in Fig 3(b) , which shows a very poor fitting near T c and the deviation in low temperature is also clear. Therefore isotropic s-wave gap(s) with either single or double contributions cannot fit the data, and anisotropic gaps should be taken into account. Fig. 3(b) and (c) show also fitting results by using the gap model with the mixture of an s-wave gap and an extended s-wave gap. Three different values of α have been tried to fit our data. All of these models work well above 2 K when α ranges from 0.9 to 1.05. However, these curves behave quite differently at low temperatures below 2 K. For the case of α = 0.9, as shown by the inset of Fig. 3(b) , the fitting is relatively better and the low temperature part seems also okay in terms of entropy conservation about the low temperature anomaly. When α = 1, the bending down of the fitting curve at low temperatures seems a little too much to satisfy the entropy conservation. For the case of α = 1.05, the bending down is simply too much without possibility of the conservation of the entropy of the low temperature anomaly. For the case of α = 0.8 or below, we see a flattening of the data starting at higher temperatures, which makes no case for the entropy conservation for the low temperature anomaly. Therefore, in order to have a good global fitting in wide temperature region and the conservation of entropy around the low temperature anomaly, we reach the conclusion that α locates around 0.9. Thus we can conclude that, the gap in FeSe should be highly anisotropic. Taking α = 0.9 to 1, we believe that the minimum of the gap is about 1.5×(1 − 0.9) = 0.15 meV or smaller. We must mention that, what we used here for the fitting are two components with one isotropic swave and one extended s-wave. One can also use a model with two extended s-wave gaps, but that requires more fitting parameters, which would give more uncertainty.
About judging to what extent the gap anisotropy is, fitting to specific heat by using one s-wave plus an extended s-wave, or two extended s-wave gaps gives no big difference.
C. Fitting with the gaps determined by STS experiment
Recently, Sprau et al. have done the STS measurements and used Bogoliubov quasiparticle interference imaging (BQPI) to measure the superconducting gap of FeSe [21] . They proposed that the two superconducting gaps ∆ α and ∆ ε , which are located at hole pocket and electron pocket respectively, are both extremely anisotropic but nodeless. This highly anisotropic gaps are induced by the orbital selective pairing of the d yz orbital. In order to check the validity of their model, we use the gap structure determined by them to fit our specific heat data. Since the gaps are not the simple form of a sinusoidal function, therefore we need to fit their data first to an angle dependent function. The angle dependence of ∆ α and ∆ ε from Ref. [21] are plotted by the open symbols in Fig. 4(a) . The definition of the angle θ is illustrated in the inset of Fig. 4(a) . We try to fit each gap function with a combination of several harmonic of cosine functions, namely ∆ = x 1 + x 2 cos(2θ) + x 3 cos(4θ) + x 4 cos(6θ) + x 5 cos(8θ) + x 6 cos(10θ). The fitting results to the gaps are shown as red line and green line in Fig. 4(a) and the fitting parameters are listed in Table II . With the expression of the gap structures, we obtain a remarkably good fit to the specific heat data in wide temperature region. In order to check whether the entropy is conserved about the low temperature anomaly, we also try to describe the second jump at 1.08 K by using an isotropic s-wave gap. This treatment is valid for the second anomaly either it is an AF or a superconducting transition. The blue line in Fig. 4(b) shows the fitting with the gap structure in Fig. 4 (a) plus a small swave gap with ∆ s = 0.25 meV with T c = 1.08 K, and the fitting result is perfect. The fitting yields also the contribution of 32% weight from the hole pocket and 68% from the electron pocket. It seems that the gaps determined from the STS measurements can get good support from our specific heat data. The weights determined for different pockets are very important to further investigate the pairing mechanism of FeSe system.
D. Magnetic field dependence of specific heat in low temperature region
In order to check whether the gaps have very large anisotropy, we have measured the specific heat of the FeSe single crystal at different magnetic fields. The superconducting electronic specific heat at different fields shown in Fig. 5 (a) are obtained by deducting the normal state contribution which has been derived above. Here we use the same data for the normal state for all fields supposing only phonon and fermionic contributions in the normal state and both are not dependent on magnetic field. By fitting the data with γ = a + bT n in the temperature window of about 1.36 K to about 3.8 K, we can get the superconducting electronic specific heat at 0 K at different magnetic fields. Here we must mention that, for the data at about 9 to 12 tesla, the superconductivity related anomaly or enhancement of specific heat has already come to this temperature region, therefore the fitting is done in much narrow temperature region, otherwise the fitting is invalid and would yield unreasonable results about the zero temperature intercept. Above about 12 T, the sample has already come to the normal state above 1.4 K. One can judge this by looking at the data at 14 and 16 tesla, which shows as a plain flat line. Through these treatments and fitting, we can have the magnetic field induced specific heat coefficient defined by ∆γ = [C(H) − C(0)]/T | T →0K . The fitting parameters are listed in Table III . The data are shown in Fig. 5  (b) . We then fit the data ∆γ(H) = [C(H) − C(0)]/T with the formula ∆γ = pB + qB 1/2 with p : q = 1 : 9 (B in unit of tesla), which seems working quite well for the data. As we know, the value of ∆γ depends on the magnetic field induced DOS at the Fermi level. When the superconducting gap is isotropic s-wave, the field dependence of ∆γ will follow a linear behavior, because only the vortex core part contributes the quasiparticles in the low temperature limit and the density of vortex linearly goes up with the magnetic field. If the gap structure is nodal like, for example d-wave, a square root relation will be observed due to the Doppler shift effect of the DOS outside the vortex core region [22] , which leads to a square-root temperature dependence of magnetic field. The relatively good fit with the formula ∆γ = pB+qB shown by the red solid line in Fig. 5 (b) does not manifest the d-wave gap, but suggests that the gap should have some deep minimum which leads to clear Doppler shift term. Thus the gaps should have anisotropic feature, and at least one gap should have the minimum which is close to zero.
E. Concerning the specific heat jump at around 1.08 K Now let's address the possible origin of the specific heat jump at around 1.08 K. In the process of growing the crystal, we have used AlCl 3 as the flux because of its low melting temperature, there is a possibility that this specific anomaly is coming from the impurity of Al. If using the typical value of γ n and T c = 1.17 K for Al, we get a composition fraction of about 2% of Al in the sample. Although we could not exclude the possibility of Al as the contribution to this low temperature anomaly, we can however give several arguments to question that this may not be the case. The arguments are as follows: (1) This anomaly was also seen in similar shape in samples without AlCl 3 as flux [23] . In that work, a similar anomaly of specific heat appears at around 1.25 K and it strongly depends on the concentration of interstitial Fe. (2) In another earlier study [20] , the authors observed a similar specific heat anomaly at around 2-3 K, this is much higher than the critical temperature of Al (T c = 1.17 K). (3) Most importantly, in our low temperature specific heat measurements, we find that this anomaly appears to a magnetic field at least up to 2000 Oe, but the critical field H c of Al is about 99 Oe. (4) Finally, from a chemical point of view, it is difficult to understand why AlCl 3 can easily separate into pure Al in the growing process. Therefore we would like to attribute this anomaly as the possible appearance of the long sought antiferromagnetic order. As far as we know, the AF order has never been observed in FeSe at ambient pressure, but it may exist with a very low Neel temperature. Therefore this AF order is very fragile and its appearance will depend on the subtle change of the properties of the sam- ple, for example the concentration of interstitial Fe etc. [23] . In this sense, the absence of the AF order in some samples does not imply that it will not happen in other samples, although the superconducting transition temperatures are quite close to each other. As far as we know, in previous neutron diffraction measurements [8] , nobody has measured down to the temperature of about 1.08 K. And the usual magnetization measurement to detect the AF order does not work since it is hidden deeply in the superconducting state, and the magnetic screening due to Meissner effect or the vortex state can already cover all the signal from the AF order. Thus we would believe that this low temperature anomaly is most likely to be the AF transition. If this is true, the phase diagram of FeSe needs to be corrected.
III. SUMMARY
Specific heat down to 0.414 K under magnetic fields up to 16 T has been measured in FeSe single crystals. Variable kinds of gap functions have been tried to fit the data. It is found that a single gap, regardless of the gap functions (isotropic s-wave, anisotropic s-wave, and dwave gap) cannot be used to fit the data. A combination of two gaps with at least a highly anisotropic gap can fit the data yielding the gap minimum of about 0.15 meV or smaller. We further find that the gaps determined by the recent STS experiment can describe the data perfectly. A second specific anomaly shows up as a jump of C/T at around 1.08 K, it cannot be understood as the second superconducting gap of FeSe. This anomaly may be induced by the impurity of Al arising from the flux of AlCl 3 . But a more reasonable picture based on several arguments would suggest that this anomaly is the long sought antiferrmagnetic transition which appears depending on the subtle change of the sample property.
